14-3-3a ARRESTS THE CELL CYCLE 

This application claims the benefit of co-pending provisional application Serial 
No. 60/069,416, filed December 18, 1997, which is incorporated by reference herein. 

This invention was made with support from NIH grant CA 43460. The U.S. 
5 government therefore retains some rights in the invention. 

TECHNICAL FIELD 

The invention relates to the fields of diagnosis and therapy of cancers. More 
particularly, the invention relates to a protein which mediates cell cycle arrest upon 
damage to cellular DNA. 

10 BACKGROUND OF THE TNVENTION 

It has long been known that DNA-damaging agents induce a cell cycle arrest, 
allowing time for repair and thus protecting the organism from the deleterious consequences 
of mutation . In mammalian cells, these arrests are often dependent on the functionality of 
the p53 gene product, a transcription factor which is translationally and posttranslationally 

15 activated following DNA damage (reviewed in Cox, Levine, and Morgan). Because p53 

is mutated in a large fraction of cancers of diverse type, it is thought that the tumorigenic 
process may be intimately related to the disruption of p53-mediated control of the cell cycle. 
Accordingly, there has been much effort to define the molecular links between DNA 
damage, p53 expression, and cell cycle regulation. 

20 Cells treated with ionizing radiation or other DNA-damaging agents arrest in both 
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Gl and G2, with a consequent decrease in the fraction of cells in S phase. In colorectal 
cancer cells and many other epithelial cell types, 15-40% of the cells arrest in Gl and the 
remainder arrest in G2/M. The Gl block is in part mediated by p2 l WAF1/CIP1/SDI1 , a cyclin 
dependent kinase inhibitor, which is transcriptionally controlled by p53 . Several studies 
have suggested that the G2/M block following DNA damage is also p53-dependent . 
However, the basis for this G2/M block, though accounting for the predominant form of 
arrest induced by radiation in many cell types, is unknown. 

Thus, there is a need in the art for elucidation of the pathway by which p53 exerts 
its cell cycle arresting effects. There is also a need in the art for new diagnostic and 
therapeutic tools for evaluating and ameliorating human cancers. 

SUMMARY OF THE INVENTION 

It is an object of the invention to provide DNA molecules useful for diagnosing 
and treating human tumors. 

It is another object of the invention to provide proteins useful for treating human 
tumors and for raising diagnostically useful antibodies. 

It is yet another object of the invention to provide methods of suppressing growth 
of tumor cells. 

It is an object of the invention to provide a method for screening potential 
therapeutic agents for treating cancer. 

It is another object of the invention to provide methods for diagnosing cancer. 

It is yet another object of the invention to provide a reporter construct, useful for 
screening potential antineoplastic agents. 

It is an additional object of the invention to provide an antisense construct for 
inhibiting expression of a tumor suppressor gene. 

It is still another object of the invention to provide antisense oligonucleotides for 
inhibiting expression of a tumor suppressor gene. 

It is yet another object of the invention to provide methods for promoting growth 
of cells in which a tumor suppressor gene's expression is inhibited. 



It is another object of the invention to provide a method for assessing 
susceptibility to cancers. 

It is an object of the invention to provide a method for detecting the presence of 
wild-type p53 protein in a cell. 
5 It is still another object of the invention to provide methods for identifying 

compounds which specifically bind to p53-specific DNA binding sequences which regulate 
o expression. 

It is an object of the invention to provide methods for screening for anti-cancer 

drugs. 

10 It is another object of the invention to provide cell lines useful for screening for 

anti-cancer drugs. 

These and other objects of the invention are provided by one or more of the 
!° embodiments described below. In one embodiment of the invention an isolated and 

C 15 purified subchromosomal DNA molecule is provided. The molecule encodes 14-3-3o 

protein (a) as shown in SEQ ID NO: 2. The sequence of cDNA encoding o is shown 
H in SEQ ID NO: 1. 

C In another embodiment of the invention an isolated and purified 14-3-3a protein 

rij is provided. The protein has a sequence as shown in SEQ ID NO: 2. 

N 20 In still another embodiment of the invention a method of suppressing growth of 

tumor cells is provided. The method comprises administration of a 14-3-3a protein 
having a sequence as shown in SEQ ID NO: 2 to said cells. 

In an additional embodiment of the invention a method of suppressing growth of 
tumor cells is provided. The method comprises administration to said cells of a DNA 
25 molecule which causes said cells to express 14-3-3o, said DNA molecule having a 

sequence as shown in SEQ ID NO: 1. 

According to another embodiment of the invention a method for screening 
potential therapeutic agents for the ability to suppress the growth of tumor cells by 
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activating the expression of 14-3-3o is provided. The method comprises incubation of 
a potential therapeutic agent with a cell which contains a 14-3-3o reporter construct, said 
reporter construct comprising a 14-3-3a transcription regulatory region covalently linked 
in a cis configuration to a gene encoding an assayable product. Further, the method 
5 comprises measurement of the production of the assayable product. A potential 

therapeutic agent is identified as useful if it increases the production by the cell of the 
assayable product. 

In still another embodiment of the invention a method for diagnosing cancer is 
provided. The method comprises testing a tissue to determine if the tissue expresses less 
10 14-3-3(1 than normal tissue. 

In another embodiment of the invention a method for diagnosing cancer is 
provided. The method comprises testing a tissue to determine if DNA in said tissue 
contains a mutant 14-3-3o gene. 

In still another embodiment of the invention a 14-3-3o reporter construct is 
15 provided. The reporter construct comprises a 14-3-3o transcription regulatory region 

covalently linked in a cis configuration to a gene encoding an assayable product. 

In another embodiment of the invention an antisense 14-3-3a construct is 
provided. The construct comprises: a transcriptional promoter; a transcriptional 
terminator; and a DNA segment comprising one or more segments of the 14-3-3a gene, 
20 said gene segment located between said promoter and said terminator, said DNA segment 

being inverted with respect to said promoter and said terminator, whereby RNA produced 
by transcription of the DNA segment is complementary to a corresponding segment of 
14-3-3o RNA produced by human cells. 

According to another embodiment a method of identifying a chromosome is 
25 provided. The method comprises the steps of contacting one or more chromosomes with 

a polynucleotide probe which comprises at least 1 1 contiguous nucleotides of the sequence 
shown in SEQ ID NO: 1; and detecting chromosomes which specifically bind to the 
polynucleotide probe, wherein a chromosome which specifically binds to the probe is 
identified as containing at least a portion of human chromosome 1. 



In another embodiment of the invention a 14-3-3a antisense oligonucleotide is 
provided. The oligonucleotide comprises at least ten nucleotides complementary to a 
sequence present in 14-3-3o mRNA. 

In yet another embodiment of the invention a triplex oligonucleotide is provided. 
5 The oligonucleotide comprises at least ten nucleotides complementary to a sequence 

present in a 14-3-3o gene. 

In still another embodiment of the invention a method is provided for promoting 
growth of cells. The method comprises: administering a 14-3-3a antisense or triplex- 
forming oligonucleotide comprising at least ten nucleotides complementary to 14-3-3a 
10 mRNA or 14-3-3o gene, respectively, to said cells to inhibit the expression of 14-3-3a. 

In an alternative method an antisense 14-3-3a construct is administered to said cells to 
inhibit the expression of 14-3-3o. The construct comprises: 

a. a transcriptional promoter; 

b. a transcriptional terminator; 

. 15 c. a DNA segment comprising one or more segments of the 14-3- 

3a gene, said gene segment located between said promoter and said terminator, said 
DNA segment being inverted with respect to said promoter and said terminator, whereby 
RNA produced by transcription of the DNA segment is complementary to a 
corresponding segment of 14-3-3a RNA produced by human cells. 

~ 20 In still another embodiment of the invention a method is provided for assessing 

susceptibility to cancers. The method comprises testing a tissue selected from the group 
consisting of blood, chorionic villi, amniotic fluid, and a blastomere of a preimplantation 
embryo, to determine if DNA in said tissue contains a mutant 14-3-3a gene. 

In one embodiment a method is provided for detecting the presence of wild-type p53 
25 protein in a cell, comprising the steps of: providing a cell lysate from a tissue of a human; 

incubating a DNA fragment comprising BDS-2 with the cell lysate to bind the DNA 
fragment to wild-type p53 present in the cell lysate; immunoprecipitating p53 protein to 
form a precipitate; deterrnining the amount of the DNA fragment comprising BDS-2 present 
in the precipitate. 

5 



In another embodiment of the invention a method is provided for detecting the 
presence of wild-type p53 protein in a cell, comprising the steps of: providing a cell lysate 
from a tissue of a human; incubating the cell lysate with a DNA fragment comprising BDS-2 
to bind the DNA fragment to wild-type p53 present in the cell lysate; removing all 

5 components of the cell lysate not bound to the DNA fragment; determining the amount of 

p53 bound to the DNA fragment. 

In yet another embodiment of the invention a method is provided for identifying 
compounds which specifically bind to BDS-2 comprising the steps of: providing a test 
compound; incubating a DNA fragment comprising BDS-2 immobilized on a solid support 

10 with the test compound, to bind the test compound to the DNA fragment; determining the 

amount of test compound which is bound to the DNA fragment. 

In even another embodiment of the invention a method is provided for identifying 
compounds which specifically bind to BDS-2 comprising the steps of: providing a test 
compound; incubating a BDS-2-containingDNA fragment immobilized on a solid support 

15 with the test compound and wild-type p53 protein to bind the wild-type p53 protein to the 

DNA fragment; determining the amount of wild-type p53 protein which is bound to the 
DNA fragment, inhibition of binding of wild-type p53 protein by the test compound 
suggesting binding of the test compound to the p53-specific DNA binding sequences. 

In one embodiment of the invention, a method for screening test compounds to 

20 identify those which are potential anti-tumor agents is provided. The method comprises 

the steps of: deterrmning DNA content of 14-3-3a gene-defective human cells incubated 
in the presence and in the absence of a test compound, wherein a test compound which 
causes DNA accumulation in the 14-3-3o gene-defective cell is identified as a potential 
anti-tumor agent. 

25 In another embodiment of the invention, a different method of screening for 

potential anti-tumor agents is provided. The method comprises the steps of: detenmning 
viability or apoptosis of 14-3-3o gene-defective human cells incubated in the presence 
and in the absence of a test compound; selecting a test compound which causes cell death 
or apoptosis in the 14-3-3o gene-defective cell. 
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In yet another embodiment of the invention a homozygous 14-3-3a gene-defective 
human cell line is provided. 

In still another embodiment of the invention a pair of isogenic cell lines is 
provided. The first cell line is a homozygous 14-3-3a gene-defective human cell line and 

5 the second cell line is a homozygous 14-3-3a gene-normal human cell line. 

According to another embodiment of the invention a method is provided for 
detecting p53 activity in a human tissue. The method comprises: contacting (a) a reporter 
constuct comprising a 14-3-3o transcription regulatory region covalently linked in a cis 
configuration to a gene encoding an assayable protein product, with (b) a cell lysate of a 

10 tissue of a human, under conditions suitable to transcribe RNA from the reporter construct 

and to translate the RNA to form protein; measuring production of the assayable product; 
wherein a cell lysate which increases the formation of assayable product identifies the tissue 
from which it was made as having wild-type p53. 

In yet another embodiment of the invention a method is provided for detecting p53 

15 activity in a cell. The method comprises: transfecting a test cell with a reporter constuct 

comprising a 14-3-3a transcription regulatory region covalently linked in a cis configuration 
to a gene encoding an assayable protein product; subjecting the test cell to a DNA 
damaging agent; measuring production of the assayable product in the test cell; comparing 
the production of the assayable product in the test cell subjected to a DNA damaging agent 

20 to production of the assayable product in a test cell which has not been subjected to the 

DNA damaging agent; wherein a test cell which produces more assayable product when 
subjected to the DNA damaging agent than the cell which has not been subjected to the 
DNA damaging agent is identified as having wild-type p53. 

According to another aspect of the invention a method of detecting the presence of 

25 a wild-type p53 protein in a cell is provided. The method comprises the steps of: providing 

a histological section from a human; incubating the section with a detectably-labeled DNA 
fragment which comprises BDS-2 (SEQ ID NO: 5 ) to bind said DNA fragment to wild-type 
p53 present in the histological sample; removing unbound DNA fragment from the 
histological section; and determining the amount of DNA fragment which is bound to the 
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histological sample. 

In another aspect of the invention a method of identifying compounds which 
specifically bind to a p53-specific DNA binding sequence is provided. The method 
comprises the steps of: contacting a DNA fragment which comprises BDS-2 (SEQ ID NO: 

5 5) with a test compound to bind the test compound to the DNA fragment; determining the 

amount of test compound which is bound to the DNA fragment. 

Thus the subject invention provides the art with useful means for diagnosing and 
treating cancers in humans and other animals. Moreover, it opens new avenues for the 
design and screening of additional anti-neoplastic therapeutic agents which operate by 

10 means of a new mechanism as detailed below. Conversely, the subject invention 

provides a new approach for promoting the proliferation of cells when large numbers of 
such cells are desired. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Figure \.o Expression Following DNA Damage 

15 (Fig. 1A) a Expression following irradiation. HCT 116 cells were y -irradiated 

during exponential growth. RNA was prepared at the indicated times after irradiation or 
after reaching confluency in the absence of irradiation (confluent). Autoradiographs of 
Northern blots performed with <7and p21 probes are presented along with a picture of the 
ethidium bromide (EtBr) stained gel from which the blots were made. Sizes of the detected 

20 transcripts are indicated on the right. 

(Fig. IB) o Expression following adriamycin treatment. Seven different CRC cell 
lines were treated with 0.2 ug/ml adriamycin (+) or vehicle (-) as indicated. RNA was 
prepared 24 hours following adriamycin treatment. Autoradiographs of Northern blots 
performed with a,p21 and EF1 probes are shown. The p53 status of the respective cell 

25 lines is indicated on the top. 

Figure 2. a Expression Following p53 Expression 

Cells were infected with Ad-p53 for the indicated time periods in (Fig. 2A) and with 
Ad-p53 (lanes marked P) or Ad-a (lanes marked p in (Fig. 2B). Northern blotting was 
performed as in Fig. 1. 
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Figure 3. The a Gene: Localization to lp35, Genomic Organization and Identification of 
a p53 Binding Site 

(Fig. 3 A) Genomic Structure and chromosomal localization of a . A map of a 9.5 
kb BamH I fragment of a, indicating the potential p53 binding sites BDS-1 and BDS-2 

5 identified by sequencing, is presented. The position of the o open reading frame (ORF), 

the presumptive transcription start site (arrow), and selected restriction endonuclease sites 
used for vector constructions are indicated. The previously characterized p53-consensus 
binding site (cbs; El Deiry et al., 1992) is shown under the BDS-2 sequence, with R = 
purine, Y = pyrimidine, and W = A or T. The insert shows an example of FISH, localizing 

10 <rto lp35. 

(Fig. 3B) p53 responsiveness of a promoter fragments. The indicated DNA 
fragments (BDS-1 and BDS-2) were cloned into a luciferase reporter vector containing a 
minimal promoter. SW480 cells were cotransfected with these reporters, a (3-galactosidase 
encoding plasmid to control for transfection efficiency, and wild-type p53 (wt), mutant p53 

15 (Mut.) or empty (Con.) expression constructs. Luciferase activity is expressed as a fold 

induction relative to the average obtained with the empty vector control. 

(Fig. 3C) p53 responsiveness of the a p53 binding site BDS-2. Reporters 
containing either two or three copies of the BDS-2 sequence were constructed as described 
in the examples. Four critical p53 -binding residues of BDS-2 were altered in the reporter 

20 marked BDS-2*. These reporters were transfected and analyzed as in (Fig. 3B). The results 

are represented as fold induction by either wt p53 or mutant p53 compared to that resulting 
from transfections with an empty vector. Each bar represents the average of two 
independent experiments; the results in the two experiments varied by less than 20% of the 
average value indicated in the graph. The plasmid PG 13 -luc, containing 13 copies of a 

25 consensus p53-binding site, was used as a positive control (Kern et al., 1992) . The 

numbers in parentheses on the X-axis indicate the number of copies of the indicated 
p53-binding site in each reporter. 
Figure 4. Morphology of o-expressing Cells 

(Fig. 4A) Immunohistochemical analysis of a expressing cells. HCT1 16 cells were 
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infected with Ad-a or Ad-p for 30 h, then stained with an anti-HA antibody, recognizing the 
HA tag appended to the a protein. Chromatin staining of the same cells with D API revealed 
the perinuclear localization of a. 

(Fig. 4B) Flow cytometric analysis of a-expressing cells. The same cells and 
5 y-irradiated HCT 116 cells were fixed at the indicated times, analyzed by flow cytometry and 

assessed for forward light scatter to assessdetermine relative size. Each curve represents 
10,000 cells. 

Figure 5. Exogenous Expression of a Induces a G2 Arrest Followed by Polyploidy. 

Subconfiuent HCT116 cells were infected with Ad-P (Fig. 5A), Ad-a (Fig. 5B), or 

10 treated with y-irradiation (Fig. 5C). HCT1 16 cells made p2 1 -deficient through homologous 

recombination (Fig. 5D) were similarly treated with y-irradiation. The p21 -deficient cells 
began to undergo apoptosis at the late time points. DNA content of at least 10,000 cells 
was analyzed by flow cytometry at the indicated times. 
Figure 6. FISH Analysis of a-expressing Cells 

15 (Fig. 6A) Representative examples of HCT1 16 cells infected with Ad-P (left) or 

Ad-a (right) and analyzed by interphase FISH. Hybridizations were performed with a 
chromosome 2p probe (red signals) and a chromosome llq25 probe (green signals) 72 
hours after infection. Note the paired signals in the a-expressing cells. The Ad-P infected 
cell nuclei are apparently in Gl, containing two unpaired signals per probe in each nucleus. 

20 (Fig. 6B) Distribution of DNA content in a expressing cells. The percentage of 

cells with the indicated DNA content per nucleus, as determined by FISH, is plotted. For 
Ad-P and Ad-a infected cells, a total of 104 and 106 cells, respectively, were analyzed. 
'2N-4N' cells represent cells in which one doublet and one single signal were detected. 
Figure 7. a Expression Prevents the Completion of Cytokinesis 

25 HCT116 cells were infected with Ad-a (top row) or Ad-P (bottom row) and 

observed with time-lapse video microscopy. Representative examples of single cells either 
performing an incomplete (Ad-a) or a complete division (Ad-P) are shown (arrows). The 
times indicate the elapsed time since the first picture in the sequence was taken at 
approximately 3 1 hours after adenovirus infection. 
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Figure 8. Model for DNA Damage-induced Cell Cycle Regulation by p53 

DNA damage activates the sequence-specific transcriptional capacity of p53 through 
translational and post-translational mechanisms (Cox, Levine, Morgan). The p53 protein 
then binds to the promoters of the p21 and a genes, inducing their expression and resulting 
5 in a coordinated arrest in which cells are blocked in both Gl and G2 phases. The p21 gene 

product binds to and inhibits the cyclin-cdk complexes required for the transition from Gl 
to S phase (Harper and Elledge, 1996). The a gene product is predicted to bind to and 
sequester phosphorylated Cdc25C, preventing Cdc25C from dephosphorylating Cdc2 and 
initiating the transition from G2 to M phase (Peng et al., 1997). In addition to activating 
10 p53, DNA damage results in other events required for blocking the cell cycle, including 

activation of Rad3 homologs (such as the ataxia talangiectasia gene ATM), which activates 
theChkl kinase that phosphorylates Cdc25c on Ser 216 (Furnari et al., 1997; Sanchez et al., 
1997). 

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 

15 We have analyzed the patterns of gene expression following irradiation of a human 

CRC cell line expressing wildtype (wt) p53. These cells arrested mostly in G2 and this 
arrest was accompanied by changes in gene expression. The most intriguing of the identified 
changes involved an increase in the expression of 1 4-3-3 a, a gene originally discovered 
through its expression in differentiating epithelial cells and a member of the 14-3-3 protein 

20 family . Numerous members of this family, including seven distinct human genes, have been 

identified, with diverse properties ascribed to them (for review see: Aitken; Wang). The 
function of 14-3-3a (also called HME1 or stratifin and here referred to simply as "o") has 
heretofore been unknown. We have discovered that a expression in human cells is regulated 
by p53, and that exogenous expression of o results in a G2 block similar to that observed 

25 following y -irradiation. 

DNA molecules according to the present invention are isolated and purified from 
other chromosomal genes. They may be either genomic sequences or cDNA sequences, 
i.e., they may or may not contain intervening sequences. A genomic clone of about 9.5 
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kb has been isolated which comprises the transcription regulatory region of the 14-3-3o 
gene. The 14-3-3o mRNA has been found to be approximately 1.3 kb. 

Now provided with the correct sequence of 14-3-3a cDNA (SEQ ID NO: 1), one 
of ordinary skill in the art can readily obtain the 14-3-3a protein. It can be expressed 

5 in bacteria, yeast, or other convenient cell. Portions of it can be synthesized and linked 

to a carrier protein for immunization of laboratory animals to raise antibodies specifically 
immunoreactive with 14-3-3o protein. The antibodies can be used to purify the 14-3-3o 
protein from natural or recombinant sources. Such antibodies can be polyclonal or 
monoclonal, as is convenient for the particular application. 

10 As described herein, 14-3-3o protein has a growth-suppressing effect on tumor 

cells. Thus its administration to tumor cells may be desirable to effect such growth 
suppression. Other cells which are involved in proliferative diseases may also be targeted 
for 14-3-3a-mediated growth suppression. Such proliferative diseases include psoriasis, 
polyps, warts, and inflammatory diseases. 14-3-3o protein may be administered in 

15 suitable formulations to tumor cells. It may be microinjected, or simply supplied 

i; externally to tumor cells. It may be encapsulated, e.g., in liposomes. If 14-3-3a- 

encoding DNA is administered to the tumor cells then the cells can express their own 14- 
3-3a protein for growth suppression. Such DNA can be genomic or cDNA, as described 
above. Other cells involved in proliferative diseases may be treated similarly. 

20 According to another aspect of the invention 14-3-3o reporter constructs are 

provided. They are recombinant DNA molecules which contain a 14-3-3o transcription 
regulatory region covalently linked in a cis configuration to a reporter gene. Many 
suitable reporter genes are known in the art, including, but not limited to p-galactosidase, 
luciferase, chloramphenicol acetyl transferase, neomycin phosphotransferase. If 

25 expression of the reporter gene is increased in the presence of a test compound, then one 

can assume that the test compound will function similarly to increase expression of 14-3- 
3a when it is located downstream from its own transcription regulatory region, as it is 
in vivo. Since increased expression of 14-3-3a is shown herein to have a growth 
suppressing effect on tumor cells, it can be assumed that the test compound which 
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enhances the expression of the reporter construct will similarly have a growth suppressive 
effect in vivo. The transcription regulatory region of 14-3-3o which is sensitive to the 
presence of wild-type p53 is located within about 1.815 kb of the 14-3-3o transcriptional 
start site. The region includes the p53 binding site shown in SEQ ID NO:5. If the 
5 reporter construct is in a cell, the cell can be incubated with the test compounds and the 

effect on the expression of the reporter gene can be monitored and measured. 
Alternatively, the reporter construct may be employed in vitro in cell-free transcription 
and optionally translation systems. 

14-3-3o is shown herein to be regulated by wild-type but not mutant p53. 

10 Therefore, one can use the expression of 14-3-3a as a marker for the expression of wild- 

type p53. Diminished 14-3-3a expression, relative to normal tissues, can indicate 
cancer, just as diminished wild-type p53 expression or presence of mutated p53 
expression can be indicative of cancer. Assays for 14-3-3a expression can be used in 
addition to, or in place of, assays for wild-type p53 directly. Tissues which are suitable 

15 for comparison purposes to provide a normal control are typically adjacent, 

morphologically normal tissues. Tests for the presence or amount of 14-3-3a expression 
can employ either antibodies specific for 14-3-3a protein, nucleic acid probes of at least 
about 10 nucleotides complementary to all or a portion of the sequence of SEQ ID NO: 1 , 
or other tests known in the art. Similarly, DNA of a tumor tissue can be tested to 

20 determine whether it contains mutations. 14-3-3a mutations would be expected to confer 

a neoplastic phenotype on cells, as do p53 mutations. Mutations can be determined by 
determining the sequence of the genes or proteins in the tissue being tested, and 
comparing that sequence to that disclosed in SEQ ID NO: 1. Such mutations may arise 
in the germline or in somatic tissues. If the mutations arise in somatic tissues, then they 

25 will not be found in other tissues of the same individual. If the mutations arise in the 

germline, they will be found in all tissues of the body, and will, like germline p53 
mutations, indicate a susceptibility to cancers. Tissues suitable for testing for germline 
mutations include blood, chorionic villi, amniotic fluid, and blastomeres if 
preimplantation fertilized embryos. 
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Antisense 14-3-3a constructs contain a transcriptional promoter and a 
transcriptional terminator (polyadenylylation signal), with a DNA segment between them. 
The DNA segment comprises one or more segments of the 14-3-3a gene, but that 
segment(s) is in an inverted orientation in the construct, compared to the orientation in 
5 the human genome. Transcription from the transcriptional promoter of the construct 

produces an (antisense) RNA molecule which is complementary to 14-3-3o RNA which 
is produced from the 14-3-3a promoter in normal human cells. The promoter used to 
make the antisense RNA molecule can be an inducible promoter which can be regulated 
by certain prescribed stimuli. For example, a metallothionein promoter or a hormone 
10 responsive promoter can be advantageously used. Other promoters and terminators can 

be used as is convenient in the particular application. 

The antisense 14-3-3a constructs of the present invention can be used in one type 
of cell to produce antisense RNA which is then applied to other cells by techniques 
-i known in the art. Alternatively, the 14-3-3o constructs can be administered to the 

i 15 ultimate target cells in which regulation of 14-3-3a is desired. Suitable means for 

i; introducing DNA constructs into cells are known in the art. Administration of antisense 

constructs may be by transfection, transformation, electroporation, fusion, etc., as is 
known in the art. Inhibition of 14-3-3a expression causes cells to proliferate and 
\ prevents cell death. This can be particularly useful in situations where growing large 

Jif 20 numbers of certain cells in culture is desirable, such as in the case of culturing epidermal 

M cells for transplantation. Alternatively, administration to certain cells of the body may 

be desirable, such as immune cells or cells of the gastrointestinal tract. 

14-3-3a antisense oligonucleotides are also provided for the same purpose as the 
antisense constructs, discussed above. The oligonucleotides are at least ten nucleotides 
25 and may be twenty or thirty nucleotides in length. They may consist of normal 

nucleotides or nucleotide analogs or mixtures of the two. Analogs include 
methylphosphonates, aminoalkylphosphonates, phosphorothioates, phosphorodithioates, 
substituted or unsubstituted phosphoramidates. The antisense oligonucleotides are 
typically linear, single-stranded molecules which are complementary to the natural 14-3- 
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3a mRNA made by human cells, though circular molecules can also be utilized. These jji;, 1 

can be administered to cells in liposomes, or naked, for uptake by the cells by passive j *j 
or receptor-mediated transport. It is often desirable that the antisense oligonucleotide be 

designed to be complementary to the 5' end of the mRNA, in particular to the translation j K 

5 start site. However, other portions of mRNA molecules have been found to be amenable |||; i 

to antisense inhibition, and may be used in the practice of the present invention. It is ] 

also desirable to avoid portions of the mRNA as target for the antisense oligonucleotides jl-j'i 

which have secondary structures which involve hydrogen bonding with other portions of ! i 
the molecule. For example, it is desirable to avoid regions which appear to be involved 

10 in formation of stems of stem-loop structures. jlj'j 

The expression of 14-3-3o may also be inhibited by interference with ijf 
transcription, by adding oligonucleotides or modified oligonucleotides than can form 

1: triple-stranded structures (triplexes) by complexing with a segment of the 14-3-3o gene. jii 3 

]D Based on the sequence information of BDS-2 (SEQ ID NO: 5), a number of ijp 
i. 15 diagnostic and therapeutic methods have been devised. According to one such method, cell 

SI lysates are tested for the presence or absence of wild-type p53 by virtue of its specific DNA i . 

binding ability. As it is known for various cancers and stages of cancers that one or both [JsJ 
of the p53 alleles in tumor tissues can be mutant, testing for the presence or absence of 

~ wild-type p53 protein can provide diagnostic and prognostic information regarding a tumor |, \ 

20 and the patient. The cells to be tested are typically isolated from a tissue suspected of being j jrl 
neoplastic. Preferably the tissues are carefully prepared and isolated so that non-neoplastic 

tissues are not mixed with the neoplastic tissues, which can confound the analysis. Means j | ! 
for separating neoplastic tissues from non-neoplastic tissues are known in the art and include 

use of paraffin or cryostat sections, as well as flow cytometry. A cell lysate can be prepared [|.( 

25 from the tumor tissue according to any method known in the art. The cell lysate is then jty 

incubated with DNA fragments which comprise BDS-2 and bind the wild-type, activated I 1 ! 1 

p53 protein, under conditions which are conducive to such DNA/protein interactions. jt4 

Alternatively, a histological sample can be analyzed by incubation with DNA fragments, as i'' 

described for cell lysates. Wild-type p53 can be activated for DNA binding by irradiation g 

15 
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of cells, treatment of cells with adriamycin, or other DNA-damaging agent, or by treating 
the p53 with monoclonal antibody pAB421. 

It is known that p53 also binds non-specifically to DNA. Specific binding can be 
distinguished from non-specific binding by any means known in the art. For example, 
5 specific binding interactions are stronger than non-specific binding interactions. Thus the 

incubation mixture can be subjected to any agent or condition which destabilizes 
protein/DNA interactions such that the specific binding reaction is the predominant one 
detected. Alternatively, as taught more specifically below, a non-specific competitor, such 
as dl-dC, can be added to the incubation mixture. If the DNA containing the specific 

10 binding sites is labelled and the competitor is unlabeled, then the specific binding reactions 

will be the ones predominantly detected upon measuring labelled DNA. 

According to one embodiment of the invention the DNA which is bound to p53 is 
separated from unbound DNA by immunoprecipitation with antibodies which are specific 
for p53. Applicants have found that use of two different monoclonal anti-p53 antibodies 

15 results in more complete immunoprecipitation than either one alone. Unbound DNA 

remains in suspension. The amount of DNA which is in the immunoprecipitate can be 
quantitated by any means known in the art. According to one aspect of the invention, the 
DNA fragment is labelled with a detectable moiety, such as a radioactive moiety, a 
colorimetric moiety or a fluorescent moiety. Techniques for so labelling DNA are well 

20 known in the art. 

According to another embodiment of the invention, after incubation of p53 with 
specific binding DNA fragments all components of the cell lysate which do not bind to the 
DNA fragments are removed. This can be accomplished, among other ways, by employing 
DNA fragments which are attached to an insoluble polymeric support such as agarose, 

25 cellulose and the like. After binding, all non-binding components can be washed away, 

leaving p53 bound to the DNA/solid support. The p53 can be quantitated by any means 
known in the art. It can be determined using an immunological assay, such as an ELISA, 
RIA or Western blotting. 

The diagnostic assay of the present invention has applicability not only with regard 
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to cancers which are known to involve mutation of p53, but also with regard to human 
viruses such as human papilloma virus (HPV). HPV protein E6 binds tightly to wild-type 
but not mutant p53. See Werness et al., Science, 248 . 76-69 (1990). This tight binding is 
likely to block the interaction of p53 with its specific DNA binding sequences. By testing 
5 cells or cell extracts suspected of being infected with potentially tumor-inducing or 

hyperplasia-inducing strains of HPV or possibly other viruses, infected cells can be 
identified, because the E6 protein of the infected cells will have sequestered the wild-type 
p53, rendering it unable to bind to its specific DNA binding sequences. Such assays may 
be performed on cell extracts or on histological specimens. 

10 Analogs of oligonucleotides may also be useful in the formation of complexes with 

double-stranded DNA. For example, certain modifications to the 3'-terminus can be 
employed to reduce the susceptibility of the oligonucleotide to nuclease degradation. 
Moieties which may be appended to the 3'- or 5'-termirji include a substituted or 
unsubstituted amino group, polyethylene glycol, polylysine, acridine, dodecanol, and 

15 cholesterol. Oligonucleotides and analogs which may be used include methylphosphonates, 

phosphorothioates, phosphorodithioates, substituted or unsubstituted phosphoramidates, 
oligoribonucleotides, oligodeoxyribonucleotides, alpha-oligonucleotides and mixtures 
thereof Other modifications to oligonucleotides may be desirable to increase the uptake by 
cells or nuclei of the oligonucleotides or to decrease nuclease sensitivity. All such 

20 modifications are within the contemplation of the invention. 

Switchback linkers may also be incorporated into the midst of an oligonucleotide or 
analog. Such linkers are taught by Riordan and Martin (Nature, 350. 452, 1991). They are 
designed by molecular modeling to provide the proper spacing between portions of an 
oligonucleotide which are to interact with different strands of a double-stranded DNA 

25 molecule. 

Single-stranded oligonucleotides or oligonucleotide analogs which are able to 
complex specifically with a p53-specific binding site as described above are also 
contemplated as part of the invention. Such oligonucleotides or analogs should comprise 
at least about ten nucleotides in length in order to have the requisite specificity with respect 
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to the entire human genome. The oligonucleotides or analogs will comprise the BDS-1 or 
BDS-2 sequence ( SEQ ID NO: 4 or 5) or the complement thereof. The oligonucleotides 
or analogs will preferably bind to the identified p53 binding regions. However, other 
binding regions in the human genome may well be found which are also suitable targets for 
5 the oligonucleotides or analogs of the present invention. These other binding sites may well 

be the primary targets of p53; complexation of these sites may inhibit the unregulated 
growth which characterizes neoplastic cells. 

Double-stranded DNA fragments which comprise a BDS-2 sequence and are 
attached to an insoluble polymeric support are also contemplated by this invention. The 
10 support may be agarose, cellulose, polycarbonate, polystyrene and the like. Such supported 

fragments may be used in screens to identify compounds which bind to p53-specific DNA 
binding sites. Similarly, such supported fragments may be used to perform diagnostic tests 

0 on cell lysates from suspected tumor tissues. They may also be used in assays used to 

m 

=o screen potential chemotherapeutic agents, as discussed infra. 

1- 15 Although any method can be employed which utilizes the BDS-2 p53-specific DNA 

£ binding site of the present invention, two particular methods are disclosed for screening for 

additional compounds to bind to p53-specific DNA binding sites. According to one method 
U a test compound is incubated with a DNA fragment (optionally on a support), as described 

; above. The amount of test compound which binds to the DNA fragment is determined. 

- - 20 This determination can be performed according to any means which is convenient. For 

example, the amount of a compound which can be removed after incubation with the 
fragment can be compared to the amount originally applied. Alternatively, the test 
compound can be labelled and the amount which binds to the fragment can be assayed 
directly. In order to render this screening method more specific, soluble DNA fragments 
25 can be added to the incubation mixture. The soluble fragments do not have the ability to 

specifically bind to p53 wild-type protein. 

According to another screening method for compounds to simulate or stimulate the 
specific DNA binding activity of p53, test compounds are incubated with supported DNA 
fragments as described above. However, in this method wild-type p53 protein is also added 

18 



I IIIIIHIII'IIV 



H«l" IliHHJlkl 111 



to the incubation mixture. The amount of p53 protein which binds to the DNA fragment | 
is measured using methods as described above. The amount of p53 protein bound is 
compared to the amount which binds in the absence of the test compound. Any diminution i ' 

of p53 binding which results from the presence of the test compound is presumptively due 
5 to the competition of the test compound with p53 for the specific DNA binding sites of the 

supported fragments. Direct binding of the test compound to the binding site fragments can ]!|. 
be confirmed using the assay described above. Enhancement of p53 binding is ;■ 
presumptively due to acivation of p53 for DNA binding. ( 
Mutant p53 genes or gene products can also be detected in body samples, such as, ;i] 
10 serum, stool, or other body fluids, such as urine and sputum. The same techniques !' 

discussed above for detection of mutant gene products in tissues can be applied to other m 
body samples. By screening such body samples, a simple early diagnosis can be achieved 
~- for many types of cancers. In addition, the progress of chemotherapy or radiotherapy can j 

be monitored more easily by testing such body samples for mutant p53 genes or gene ! 
?■ 15 products. j 

The methods of the present invention for diagnosis and therapy of neoplastic tissue 
! is applicable across a broad range of tumors. These include lung, breast, brain, colorectal, 
ri bladder, mesenchyme, prostate, liver as well as stomach tumors. In addition the method ;|. 

j « may be used in leukemias and osteosarcomas. It thus appears that the p53 gene has a role i ; i 

20 in the development of a broad range of tumors. The methods of diagnosis and therapy of 

the present invention are applicable to any tumor in which p53 has a role in tumorigenesis. ;i. 
The diagnostic method of the present invention is useful for clinicians so that they can | k 

decide upon an appropriate course of treatment. For example, a tumor displaying loss of I 
both p53 alleles suggests a more aggressive therapeutic regimen than a tumor displaying loss 1 1 

25 of only one p53 allele. 

As a result of the discoveries of the present inventors, screening methods can be 
devised to isolate chemical agents which may have use in cancer therapy. Specifically, , 
agents can be screened for the ability to affect the structure of mutant p53 molecules so that 
their ability to bind and/or transactivate at specific-DNA-binding sites is restored. The | 
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necessary components for such a screening method are provided by this invention and 
include DNA molecules which contain BDS-2 ( SEQ ID NO: 5) and mutant p53 proteins 
which are found in tumors. Not all mutations in p53 destroy specific-DNA-binding 
ability. For example, mutations in phosphorylation sites of p53 have been made and 
5 tested; they retain binding activity. Such mutations have never been found in tumors. 

Mutations in p53 which are found in tumors are termed oncogenic herein. 

One such prescreening method is an in vitro binding assay in which the strength of 
binding of a p53 mutant protein to a DNA molecule which comprises the BDS-2 binding site 
is measured. The strength of binding is also measured for a p53 mutant protein which has 

10 been incubated with a test substance. If incubation with the test substance increases the 

strength of binding, then the test substance is a candidate for use in anti-tumor therapy. 
Further testing will be desirable before use in humans is attempted. 

Methods for measuring strength of binding can be any which are known in the art. 
See, for example, Tan and Richmond, Cell, vol. 62, pp. 367-377 (1990). One particular 

15 method employs immunoprecipitation. Briefly, purified p53 or a lysate of a cell expressing 

p53 is incubated with radiolabeled DNA and anti-p53 antibodies under conditions where 
proteins bind to DNA. Protein A-Sepharose and poly-dldC-poly-dldC is then added for an 
additional incubation. A pellet is formed and washed and the proteins are removed by 
digestion with a protease and phenol extraction. The immunoprecipitated DNA is then 

20 analyzed by electrophoresis and quantified. Quantitation of the DNA can be by 

autoradiography, for example. The amount of DNA immunoprecipitated is proportional to 
the strength of binding of the p53 protein to the DNA, where the DNA is in excess. 

According to another method, the ability of a mutant p53 protein from a tumor to 
transactivate transcription in vitro is assessed with and without a test substance. If the test 

25 substance increases the amount of transcription activated by the p53, then the test substance 

is a candidate for use in anti-tumor therapy. Transcriptional activation is measured using 
a transcription construct which comprises a reporter gene encoding a convenient assayable 
enzyme activity, such as chloramphenicol acetyltransferase or p-galactosidase, and a DNA 
segment comprising BDS-2 The BDS-2 binding site must be upstream, although the 
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distance from the start of transcription is not critical. The binding site, which is adjacent to 
the reporter gene, may be from 0 to 10 kb upstream. In vitro transcription assay systems 
are well known in the art. See, for example, Lue, Science, vol. 246, 661-664 (1989). 

According to still another method, transcriptional activation can be measured in vivo 
5 in a cell which has been cotransfected with a vector encoding a mutant p53 protein and a 

reporter gene construct comprising a gene encoding an assayable enzyme activity with a 
BDS-2 binding site adjacent and upstream therefrom. The transfected cells are treated with 
a test substance. If the amount of transactivation caused by the mutant p53 is enhanced by 
the test substance, then the substance is a candidate for anti-tumor therapy. 

10 Transient expression constructs are conveniently made on plasmids and viral vectors, 

so that they can be propagated. These can also be used in vitro for transcription assays in 
the presence of RNA polymerase, ribonucleotides, and other cofactors. 

A pair of isogenic cell lines is provided. The first cell line is a homozygous 14-3- 
3a gene-defective human cell line and the second cell line is a homozygous 14-3-3a 

15 gene-normal human cell line. These cell lines can be made as described in Waldman 

(1995). The cell lines are useful for screening compounds for their effects on the cell 
cycle, and potentially as anti-neoplastic compounds. Such cell lines when treated with 
a DNA damaging agent respond by accumulating DNA without undergoing mitosis, as 
well as entering the programmed cell death pathway. Thus detection of any of these 

20 events can be used to identify DNA damaging agents which are potentially useful as anti- 

neoplastics. 

The BDS-2 region (SEQ ID NO: 5) has been found to be a very active and efficient 
region for p53-regulated transcription enhancement and binding. Thus the BDS-2 region 
can be used to detect p53 in human tissues and body samples. A reporter constuct can be 
25 made which has a 14-3-3o transcription regulatory region covalently linked in a cis 

configuration to a reporter gene, i.e., a gene which encodes an assayable protein product. 
Preferably the regulatory region of a is within 10 kb of the transcription initiation site for 
the reporter gene. The construct is used as a template for in vitro transcription and/or 
translation. Lysates of cells of a tissue of a human can be added and tested in the system to 
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identify those which enhance transcription. Those lysates which enhance transcription are 
identified as containing wild-type, activated p53. Conditions suitable to transcribe RNA 
from the reporter construct and to translate the RNA to form proteins are well known in the 
art. Any means known in the art can be used to measure production of the assayable 
5 product. These can be enyzmatic reactions, immunological reactions, or whatever type of 

assay for a produced protein is convenient. 

In a converse type of assay the reporter construct is transfected into cells to be 
tested. Production of the product of the reporter gene is measured. The transfected cell is 
then subjected to a DNA damaging agent, such as gamma-irradiation, or adriamycin. Again 
10 the production of the product is measured. A test cell which produces more assayable 

product when subjected to the DNA damaging agent than the cell which has not been 
subjected to the DNA damaging agent is identified as having wild-type, activated p53. 

Wild-type activated p53 protein can also be detected using a histological type assay. 
A human histological section is incubated with a detectably-labeled DNA fragment which 
15 comprises BDS-2 (SEQ ID NO: 5 ) to bind said DNA fragment to wild-type p53 present 

in the histological sample. Unbound DNA fragment is removed from the histological 
section. The amount of DNA fragment which is bound to the histological sample can be 
determined, for example, by detection of readioactivity if the DNA fragment is labeled. Any 
method of quantitating DNA bound to a sample can be used. 
20 Another use of BDS-2 is in the identification of useful compounds for anti-cancer 

chemotherapy. The strong interaction between BDS-2 and p53 makes BDS-2 an attractive 
target of drug screens. According to one method compounds are identified which 
specifically bind to BDS-2. A DNA fragment which comprises BDS-2 (SEQ ID NO: 5) is 
contacted with a test compound to bind the test compound to the DNA fragment. The 
25 amount of test compound which is bound to the DNA fragment is determined. A compound 

which specifically binds to BDS-2 is a candidate drug as a p53 mimetic. Further testing 
using other BDS-2 assays or other p53 -mimetic assays can be used to confirm the utility of 
the compounds found. 
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According to the present invention, potential therapeutic agents are screened for 
the ability to cause DNA accumulation or cell death in 14-3-30 gene-defective human 
cells. Preferably, agents are screened for the ability to preferentially cause DNA 
accumulation or cell death in 14-3-3o gene-defective human cells as compared to 14-3-3a 
5 gene-normal human cells. More preferably, agents are screened for the ability to cause 

DNA accumulation to at least four times the haploid DNA content of the 14-3-3o gene- 
defective human cells. 

Any means known in the art to generate a cell line which is defective in 14-3-3a 
gene can be used to obtain the 14-3-3o gene-defective cells. For example, a colonic cell 
10 line can be used to give rise to an isogenic o-negative colonic cell line by promoterless 

homologous recombination. The disclosure of Waldman (1995) is expressly incorporated 
herein. A cell with two wild-type alleles of a 14-3-3o gene is a 14-3-3o gene-normal 
I cell, for purposes of the present invention. Preferably, the 14-3-3a gene-defective cell 

used in the assay is the same type of cell (organ source) as the 14-3-3o gene-normal cell. 
15 More preferably the two cell lines are isogenic. 

The DNA content of a cell incubated in the presence or absence of a test 
compound can be determined by any means known in the art. A DNA-binding dye may 
be employed to measure the DNA content. Procedures are available in the art to harvest 
cells, stain them with a DNA-binding dye, e.g., propidium iodide or H33258, and 
~ 20 measure the incorporation of the DNA-binding dye by flow cytometry. Flow cytometry 

provides an ordinary artisan with information on the percentage of cells in a tested 
population with a diploid DNA content (2C), four times of haploid (4C), eight times of 
haploid (8C), etc. Alternatively, the DNA content of a cell can be determined by 
fluorescence in situ hybridization (FISH). Cells can be harvested, fixed on a slide, and 
25 hybridized with a chromosome probe. The DNA probe can be labeled and detected 

under fluorescence microscopy by any means known in the art. In one particular 
method, the DNA probe is biotinylated by nick translation and detected with fluorescein 
isothiocyanate (FTTC) conjugated to avidin. The DNA content of a cell can be obtained 
by quantifying the intensity of the fluorescein signal through digital image acquisition and 
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processing, which are readily available in the art. 

It is well known in the art that viability of a cell can be determined by contacting 
the cell with a dye and viewing it under a microscope. Viable cells can be observed to 
have an intact membrane and do not stain, whereas dying or dead cells having "leaky" 

5 membranes do stain. Incorporation of the dye by the cell indicates the death of the cell. 

The most common dye used in the art for this purpose is trypan blue. Viability of cells 
can also be determined by detecting DNA synthesis. Cells can be cultured in cell 
medium with labeled nucleotides, e.g., 3 H thymidine. The uptake or incorporation of 
the labeled nucleotides indicates DNA synthesis. In addition, colones formed by cells 

10 cultured in medium indicate cell growth and is another way to test viability of the cells. 

Apoptosis is a specific mode of cell death recognized by a characteristic pattern 
of morphological, biochemical, and molecular changes. Cells going through apoptosis 
appear shrunken, and rounded; they also can be observed to become detached from 
culture dish. The morphological changes involve a characteristic pattern of condensation 

15 of chromatin and cytoplasm which can be readily identified by microscopy. When 

stained with a DNA-binding dye, e.g., H33258, apoptotic cells display classic condensed 
and punctate nuclei instead of homogeneous and round nuclei. 

A hallmark of apoptosis is endonucleolysis, a molecular change in which nuclear 
DNA is initially degraded at the linker sections of nucleosomes to give rise to fragments 

20 equivalent to single and multiple nucleosomes. When these DNA fragments are 

subjected to gel electrophoresis, they reveal a series of DNA bands which are positioned 
approximately equally distant from each other on the gel. The size difference between 
the two bands next to each other is about the length of one nucleosome, i.e. , 120 base 
pairs. This characteristic display of the DNA bands is called a DNA ladder and it 

25 indicates apoptosis of the cell. Apoptotic cells can be identified by flow cytometric 

methods based on measurement of cellular DNA content, increased sensitivity of DNA 
to denaturation, or altered light scattering properties. These methods are well known in 
the art and are within the contemplation of the invention. 



Abnormal DNA breaks are also characteristic of apoptosis and can be detected by 
any means known in the art. In one preferred embodiment, DNA breaks are labeled with 
biotinylated dUTP (b-dUTP). Cells are fixed and incubated in the presence of 
biotinylated dUTP with either exogenous terminal transferase (terminal DNA transferase 
5 assay; TdT assay) or DNA polymerase (nick translation assay; NT assay). The 

biotinylated dUTP is incorporated into the chromosome at the places where abnormal 
DNA breaks are repaired, and are detected with fluorescein conjugated to avidin under 
fluorescence microscopy. 

Polynucleotides of the 14-3-3a gene can be used to identify chromosomes and 
10 chromosomal segments. Particularly, they identify chromosome 1, segment p35. Any 

method for identifying chromosomes based on hybridization as is known in the art can be 
used with 14-3-3o probes. For example, metaphase chromosome spreads can be contacted 
with a labeled 14-3-3a probe and detected using FISH. This technique is described more 
fully below. 

15 The experimental results described below demonstrate that Y-irradiation and other 

DNA damaging agents induce a substantial increase in the expression of a in CRC cells. 
This induction is dependent on p53, as cells with an endogenous mutant p53 gene displayed 
no increase in a expression. The molecular basis of the p53 -dependence was shown to 
involve a single p53 -binding site, located 1.8 kb upstream of the transcription start site. 

20 When exogenously expressed, a caused a cellular phenotype remarkably similar to that 

observed following y-irradiation, with an increase in cell size and an arrest in G2. These 
results strongly suggest that one of the molecular mechanisms underlying the G2 arrest 
following y-irradiation is based on an activation of p53, which in turn transcriptionally 
activates a. The combination of p21 and o is likely to mediate a significant part of the cell 

25 cycle regulatory effects of p53 in epithelial cells following DNA damage (Fig. 8). 

In Schizosaccharomycespombe, the two a homologs rad24 and rad25 function as 
checkpoints that ensure that DNA damage is repaired before mitosis is attempted . On the 
basis of the data presented above, we propose that o functions similarly in human cells, 
arresting them in G2 and preventing mitosis after treatment with y-irradiation or other 
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DNA-damaging agents. Interestingly, deletion of rad24, and to a lesser extent rad25, led 
to premature entry into mitosis and a small cell size at division. This is exactly the 
counterpart of what occurred in human cells after overexpression of o: there was a delay 
in mitotic entry associated with an increase in cell size. 

5 The data reveal a conservation of mechanisms underlying cell cycle regulation 

following DNA damage. Moreover, results of others suggest a biochemical mechanism by 
which 14-3-3 homologs control this checkpoint. DNA damage results in the 
Rad3 -dependent activation of Chkl kinase, which subsequently phosphorylates the Cdc25C 
phosphatase on Ser 216 (Furnari et al., Sanchez et at). The motif surrounding the 

10 phosphorylated Ser 216 represents a previously defined consensus binding site for 14-3-3 

proteins (Muslin et al., 1996). The phosphorylated Cdc25C is thereby bound and 
sequestered by 14-3-3 and therefore unable to dephosphorylate Cdc2, a cyclin-dependent 
kinase required for entry into mitosis (Peng et al., 1997). Our data demonstrate that DNA 
damage not only results in phosphorylation of Cdc25C but also strongly induces expression 

15 of a 14-3-3 protein in colorectal cancer cells. Moreover, our results suggest that the 14-3-3 

gene responsible for sequestering Cdc25C in colorectal cancer cells is likely to be 14-3-3o. 
Interestingly, Cdc25C is also phosphorylated on Ser 216 in cycling cells in the absence of 
DNA damage. Overexpression of a , as in the experiments reported here, would 
presumably bind and sequester the phosphorylated Cdc25 protein and prevent entry into 

20 mitosis in a similar manner as that observed following irradiation. The cytoplasmic 

localization of the exogenously introduced 14-3-3o protein (Fig.4A) suggests that 14-3-3 
may prevent entry of Cdc25C into the nucleus. The p53 -dependence of a induction 
connects DNA damage and p53 with the cdk required for G2/M progression in much the 
same way as p21 connected p53 with the cdk's required for Gl/S progression (Fig. 8). 

25 The new data also provide an excellent example of the independence of the mitotic, 

cytokinetic, and DNA synthetic phases of the cell cycle (Fig. 8). Though the events that 
characterize these three phases have historically been viewed as sequential, it is becoming 
increasingly clear that they can proceed independently and that specific checkpoint genes 
link them in all eucaryotic cells . During a normal irradiation-induced cell cycle arrest, the 
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three phases seem to be blocked by independent effectors. Among these effectors, p21 
inhibits entry into S phase, o prevents cells that have completed S phase from entering into 
mitosis, and cytokinesis is presumably inhibited by other, unidentified protein(s). The 
expression of these proteins following radiation thereby results in a coordinated arrest, in 

5 which cells are blocked in either Gl or G2 and can survive for prolonged periods. 

Experimental manipulation of these checkpoints results in an uncoordinated arrest. For 
example, o over-expression in the absence of elevated p21 expression does not prevent 
chromatids from detaching from each other (Fig. 6A) or from re-initiation of S phase 
without an intervening mitosis (Fig. 5, 6). Similarly, expression of a in the absence of 

10 elevated levels of p21 prevents chromosome condensation and nuclear membrane 

breakdown, but does not prevent the onset of cytokinesis (which cannot be completed, 
presumably because the nucleus is still intact; Fig. 7). When such uncoordinated events are 
occurring in cells, the terms "Gl" and "G2" are no longer applicable to describe their states. 

Interestingly, though exogenous expression of a resulted in the accumulation of cells 
15 containing a DNA content of 4N in all cells tested, additional rounds of DNA synthesis in 

the absence of mitosis ensued in HCT116 and some other colorectal cancer cells, but not 
in normal prostate epithelial cells. Eventually, these uncoordinated arrests resulted in the 
apoptotic death of the cancer cells. Such results have potentially important implications for 
cancer therapy. The p53 mutations that occur commonly in cancer abrogate part of the 
20 normal responses to DNA damage, i.e., induction of p21 and a . In combination with other 

genetic alterations that may alter checkpoint monitoring or execution, the p53 mutations 
should result in an uncoordinated cell cycle, eventually resulting in the apoptotic death of 
the cancer cells. 

Such differences in checkpoint function between normal and cancer cells may explain 
25 why current cancer chemotherapy is successful in some patients . Exploitation of these 

differences can lead to more specific chemotherapeutic agents. 
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Example 1 

This example demonstrates analysis of gene expression following y -irradiation. 
The human colorectal cancer cell line HCT1 16 expresses wild-type p53 and arrests 
following y-irradiation in an apparently normal fashion, with -25% of cells in Gl and -75% 

5 of cells in G2 (see Fig. 5C). RNA was purified from HCT1 16 cells 60 hours following 

irradiation and analyzed by the SAGE (serial analysis of gene expression) technique. With 
SAGE, each RNA species is represented by a 15 base tag uniquely positioned near its 3' end. 
Tags are concatamerized and sequenced, and the abundance of each transcript determined 
from the relative number of tags. A library of 55,429 tags from y-irradiated HCT1 16 cells 

10 was generated and found to represent 20,291 different mRNA's a of which 6831 were 

represented by entries in GenBank, release 94). We initially focused on the 100 tags which 
appeared to be represented at higher levels in irradiated HCT116 cells compared to 
exponentially growing HCT1 16 cells (see Experimental Procedures). 

Next, we determined whether any of these 100 tags were represented at significantly 

15 higher levels in a tag library from colon cancer cells expressing an exogenous p53 gene 

compared to the same cells in the absence of exogenous p53 (Polyak et al., 1997). Only 
three of the 100 tags were expressed at five-fold or higher levels in the p53 -expressing cells. 
Database searching with the tag sequences tentatively identified one of the genes as that 
encoding a and one as ISG, encoding a 15 kD protein induced by interferon ; there were 

20 no matches for the third tag. The tag corresponding to a was of particular interest in light 

of previous studies demonstrating that 14-3-3 homologs are essential for irradiation-induced 
G2 arrest in Schizosaccharomyces pombe . A total of six different 14-3-3 family members 
(a, £ t, p, i) and PLAT) were represented in our SAGE libraries, but only o was found to 
be expressed at higher levels following both irradiation and p53 expression. 

25 Cells 

Most cell lines used in this study were obtained from the American Type Culture Collection. 
The RKO and Lim2405 CRC cell lines were generous gifts from M. Brattain and R. 
Whitehead , respectively. The derivation of the HCT116 p21-/- (Waldman et al., 1995) and 
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DH-F CRC cell lines have been described. CRC cells were cultured in McCoy's medium 
supplemented with 10% fetal bovine serum. Normal human fibroblasts, endothelial cells, 
and prostate epithelial cells and then respective growth media were obtained from Clonetics. 
Irradiation was performed using a 137 Cs gamma irradiator at 1 Gy/minute for 12 minutes. 
5 SAGE 

SAGE was performed as previously described. In brief, polyadenylated RNA was 
converted to double-stranded cDNA with the inclusion of primer biotin-5'-T lg -3'. The 
cDNA was cleaved with Nla III and the 3 '-terminal cDNA fragments were bound to 
streptavidin-coated magnetic beads (Dynal). After ligation of oligonucleotides containing 

10 recognition sites for BsmF I, tags were released from the beads by digestion with BsmF I. 

The released tags were ligated to one another. The resulting ditags were PCR amplified, 
isolated and concatemerized, and then cloned into the Sph I site of pZero (Invitrogen). 
Colonies were screened with PCR using M13 forward and M13 reverse primers. PCR 
products containing inserts of greater than 500 bp (>25 tags) were sequenced with the 

15 TaqFS DyePrimer kit and analyzed using a 377 ABI automated sequencer (Perkin Elmer) 

and the SAGE Software Package (Velculescu et al, 1995). 

Candidate y -irradiation induced genes were identified by comparing 55,429 tags 
from irradiated HCT116 cells to 5,266 tags isolated from exponentially growing, 
non-irradiated HCT116 cells. For a given number of evaluated tags, biasing the number so 

20 that more tags were derived from one library than the other allows a deeper analysis of the 

state wherein increased expression is expected. However, because this bias is more likely 
to produce false positives, any candidate tag will require independent validation of its 
induction. In the studies reported here, candidate irradiation-associated tags were further 
evaluated by comparison to those represented in a library generated after ectopic p53 

25 expression in CRC cells (Polyak et al., 1997), as described in the text. 



Rxample 2 

This example demonstrates induction of a by DNA damage. 

Northern blotting with a radiolabeled probe generated from a cDNA was 
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performed to confirm the SAGE results. As shown in Fig. 1A, o transcripts were 
induced within 12 hours of irradiation and remained elevated for at least 60 hours. 
Interestingly, no induction of a was found when cells (85% of the total) were arrested 
in Gl by growing them to confluence (Fig. 1A). In addition to y-irradiation, other 

5 DNA-damaging agents, such as adriamycin, were found to similarly induce a expression 

in HCT116 cells (Fig. IB). The induction of a by DNA damage was not confined to 
HCT116 cells, as several other colorectal cancer cell lines were shown to express a at 
relatively high levels following adriamycin treatment (Fig. IB). Previous reports have 
shown that a expression is limited to epithelial cells . In agreement with these 

10 observations, we found that o was not detectably expressed in either exponentially 

growing or y-irradiated human diploid fibroblasts or in human endothelial cells (data not 
shown). 

Of seven CRC cell lines analyzed, the four that expressed higher levels of a 
following DNA damage contained endogeous wild-type p53 alleles, while the three in 
15 which o was uninduced contained mutant p53 genes (Fig. IB). This observation was 

consistent with the hypothesis that p53 was responsible for the DNA damage-induced 
expression of a. 

To test more directly the ability of p53 to modulate o expression, we infected 
CRC cells with a replication defective adenovirus engineered to express wild-type p53. 

20 Exogenous p53 expression induced a pronounced rise in a RNA which was first 

observed at 3 hours following infection, earlier than p21 or any other genes known to be 
induced by p53 in these cells (Fig. 2A and data not shown). The maximum induction 
(18-fold) of a was achieved at "12 hr after infection. The induction of o by exogenous 
p53 (compared to a control adenovirus, Ad-p\ encoding (J-galactosidase) was consistently 

25 observed in each of seven CRC lines tested (examples in Fig. 2B). Additionally, o was 

induced by p53 in a CRC line with a deletion of p21, demonstrating that the induction 
of o was not secondary to an induction of a p21-mediated growth arrest stimulated by 
p53 (Fig. 2B). 
Northern Blot Analysis 



Total RNA was prepared by CsCl gradient ultracentrifugation of guanidine 
isothiocyanate-lysed cells as described. A 375 bp probe specific for the 3' untranslated 
region of o was generated by PCR using EST W79136 as template and the primers 
5 ' - ACAGGGGAACTTT 

5 attgagagg-3' and 5'- AAGGGCTCCGTGGAGAGGG-3'. Probes for p21 were generated by 

a restriction endonuclease digestion of pCEP-WAFl (El-Deiry et al., 1993) with Sal I and 
isolation of the 2. 1 kb cDNA fragment. The probe for the constitutively expressed gene 
EF1 was obtained by RT-PCR with the primers 5 ' -GAAAACT ACCCCTAAAAGCC-3 ' and 

5 ' -GTTGGGTGGC AGGTAT 

10 TAGG-3 ' . Hybridizations were performed in QuickHyb using the manufacturer' s instructions 

(Stratagene). 



Example 3 

This example demonstrates the basis for the p53 dependence of o induction. 

To determine the molecular basis for the p53 induction of a , a genomic clone 

15 containing the human o gene and -100 kb of surrounding sequences was obtained by 

screening a bacterial artificial chromosome (BAC) library. Fluorescence in situ hybridization 
(FISH) analysis of metaphase chromosomes with a probe generated from this BAC clone 
localized o to chromosome band lp35 (Fig. 3 A). Sequencing of relevant regions of the 
BAC revealed a presumptive transcription start site (TSS) when assessed with the Neural 

20 Network Promoter Prediction program; the TSS coincided with the 5' end of the most 

complete o cDNA clone. 

To test the ability of sequences within the a promoter to mediate p53 -dependent 
transcription, subclones from the BAC, containing 1 kb or 4 kb of sequences upstream of 
TSS, were placed upstream of a promoterless luciferase reporter gene(Fig. 3A). The 

25 reporter containing 4 kb of promoter sequences was efficiently activated by wt (but not 

mutant) p53, while the reporter with 1 kb had no p53-dependent activity (data not shown). 
This localized the presumptive p53-regulatory region to the region between 1 to 4 kb from 
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the TSS. A 9.5 kb BamH. 1 fragment containing the entire a coding region plus 8.5 kb of 
upstream sequences was then subcloned and completely sequenced (deposited as GenBank 
xxxx). This region of the BAC revealed a presumptive transcription start site (TSS) when 
assessed with the Neural Network Promoter Prediction program 

5 (http://dot.imgen.bcm.tmc.edu: 

933 1/seq-search/gene-search.html); the TSS coincided with the 5' end of the most complete 
o cDNA clone. To test the ability of sequences within the o promoter to mediate 
p53-dependent transcription, subclones from the BAC, containing 1 kb or 4 kb of sequences 
upstream of TSS, were placed upstream of a promoterless luciferase reporter gene (Fig. 

10 3 A). The reporter containing 4 kb of promoter sequences was efficiently activated by wt 

(but not mutant) p53, while the reporter with 1 kb had no p53 -dependent activity (data not 
shown). This localized the presumptive p53-regulatory region to the region between 1 to 
4 kb from the TSS. The sequence revealed two potential p53-binding sites, named BDS-1 
and BDS-2, located 2.5 and 1.8 kb upstream of the TSS, respectively, and within the region 

15 of the promoter predicted to contain functionally active p53 response elements in the 

transfection experiments (Fig. 3 A). Restriction fragments containing each of these two sites 
were then individually cloned upstream of a luciferase reporter containing a minimal 
promoter. APst I-HindTR fragment containing BDS-2, but not a similarly-sized fragment 
containing BDS-1, was found to have substantial p53-dependent activity in this assay (Fig. 

20 3B). To prove that the BDS-2 sequence within the Pst l-Hind III fragment was indeed 

responsible for p53-dependent activation, a 37 bp sequence containing the 20 bp BDS-2 was 
multimerized and cloned upstream of a minimal promoter and luciferase reporter. The 
BDS-2 sequences endowed the reporter with exceptional p53-dependent activation 
properties. Two to three copies of BDS-2 provided substantially more activation than 13 

25 copies of the p53-binding consensus sequences present in the standard p53 reporter PG 13 -luc 

(Fig. 3C; . Mutant p53 had no activating effect, and nucleotide substitutions at residues of 
BDS-2 predicted to be critical for p53 binding completely abrogated p53-dependent activity 
(Fig. 3C). 

a Genomic Clones and Reporter Constructs 
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A BAC library (Research Genetics) was screened with PCR, using the primers 
5'-GTGTGTCC 

CC AGAGCCATGG-3 ' and 5'-ACCTTCTCCCGGTACTCACG-3\ yielding a 278 bp 
product from the 5' end of the a cDNA. A BAC containing a was digested with BamH 

5 I and a 9.5 kb fragment including the complete coding sequence of a was subcloned into 

pBR322. The resulting construct was used for subcloning smaller fragments, which were 
placed into a vector containing the luciferase reporter gene and a minimal promoter derived 
from the adenovirus E1B gene. To test the activity of presumptive p53-binding sites, the 
following oligonucleotide pairs were used: 

10 5'-CCTGTAGCATTAGCCCAGACATGTCCCTACTCCGTAC-3' and 

5'-GGAGTAGGGACATGTCT 

GGGCT AATGCT AC AGGGTAC-3 ' for BDS-2 and 
5'-CCTGTAGAATTATCCCAGAAATTTCCCT ACTCCGTAC-3' and 
5^GGAGTAGGGAAATTTCTGGGATAATTCTACAGGGTAC-3' for BDS-2*, altered 

15 at critical p53-binding residues. The oligonucleotide pairs were concatemerized and 

subcloned into theKpn I site of pGL3 -basic, containing a minimal promoter derived from 
the E1B gene and the luciferase reporter (Promega). Transfections were performed in 
SW480 cells using Lipofectamine (Life Sciences), using 1 ug of reporter plasmid, and 2 ug 
of either pCEP4 (Invitrogen) or 2 ug pCEP4 encoding wt p53 or mutant p53 R175H. A 

20 (-galactosidase reporter construct (0.5 ug) was included in each transfection to control for 

efficiency. Luciferase and (-galactosidase activities were assessed 24 h following 
transfection using reagents from Promega and ICN Pharmaceuticals, respectively. 
FISH 

PI probes specific for chromosomes 2p (red) and llq25 (green) were labeled with 
25 digoxigenin-1 1-dUTP and biotin-16-dUTP, respectively, by nick translation. Cells were 

fixed on slides and pretreated with RNase and pepsin. Multicolor FISH on interphase cells 
was performed following standard procedures . Digoxigenin-labeled probes were detected 
with an anti-digoxin mouse monoclonal, TRITC-conjugated-rabbit-anti-mouse and 
TRITC-conjugated goat-anti-rabbit antibodies, whereas biotinylated probes were detected 
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with FITC Avidin-DCS (Vector). Cells were counterstained with DAPI. 

For chromosomal mapping of the s gene, a BAC containing the a gene was labeled 
with biotin-16-dUTP. Human prometaphase spreads were fixed on slides and pretreated 

5 with RNase and pepsin. Hybridized probe sequences were detected as described above, and 

chromosomes were counterstained with DAPI. The resulting banding pattern and the 
hybridization signals were evaluated by standard epifluorescence microscopy (Nikon Eclipse 
E800). A total of 50 randomly selected prometaphases were evaluated. All of them showed 
hybridization signals on the distal arm of both chromatids of the homologous chromosomal 

10 regions lp35. In addition, fractional length measurements were performed as described , 

confirming the mapping of 5 to the lp35 band. Photographs were taken using a CCD 
camera (Photometries). The sequentially recorded gray-scale images were pseudocolored 
and merged using the software program IPLab (Signal Analytics Cooperation, Vienna, VI). 



Example 4 

15 This example demonstrates that a expression disrupts G2/M progression. 

cDNA clones of a were obtained from EST depositories. The sequences of the 
cDNA clones revealed important corrections to previously published sequences, which were 
verified by the sequence of genomic clones (new cDNA sequence deposited as GenBank 
xxx). To determine whether the expression of a was causally related to the G2 arrest 

20 associated with its induction, we tagged the cDNA with a hemagglutinin (HA) epitope and 

cloned it into an adenoviral vector to create Ad-o . HCT116 cells underwent remarkable 
morphological changes following infection with Ad-o , and by 30 hours were flattened and 
enlarged, resembling cells treated with y-irradiation. Staining of Ad-a infected cells with 
an anti-HA antibody showed it to be cytoplasmic, and in some cells a striking perinuclear 

25 localization of the a protein was evident (Fig. 4 A). DAPI staining demonstrated a nuclear 

enlargement that accompanied the size increase in cells expressing a (Fig. 4A). 

Flow cytometry allowed us to confirm and quantitate the increase in size of HCT1 16 
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cells expressing a (Fig. 4B). A similar size increase occurred in y -irradiated cells (Fig. 
4B). Flow cytometry additionally revealed a G2/M arrest (DNA content of 4N) in cells 
infected with Ad-o compared to those infected with the control Ad-P (24 hr time point in 
Fig. 5 A, B). There was no evidence of chromosome condensation or nuclear membrane 
5 dissolution in these cells, even after treatment with the microtubule disrupting agents 

nocodazole or colcemid to stabilize any mitoses that may have occurred. There was a 
complete block of cellular proliferation after Ad-o infection, with no increase in cell number 
observed over 7 days. Infection of four other CRC cell lines, as well as normal prostate 
epithelial cells, resulted in a similar arrest of the cell cycle, with a build-up of cells containing 
10 a DNA content of 4N and no evidence of mitosis (data not shown). 

Recombinant Adenovirus generation 

The o containing EST W79136 was used as template for PCR, employing the primers 
5'- 

-GCATGCGGTACCTAATACGACTCACTATAGGGCGACCACCATGGAGAGAGC 

15 C AGTCTGAT-3 ' and 

S'-ACCTCCGGATCCTTAGCTAGCGTAATCTGGAACATCGTAAGCGTAATCTGG 
AACAT CGTATCCACCGCTCTGGGGCTCCTGGGGAG- 3'. The 849 bp product 
was inserted into the Kpn I and EcoRV sites of pHRCMV, an adenoviral shuttle vector 
in which the expression of inserted genes is driven by a CMV promoter. Recombinant 

20 Ad-o and Ad-P adenoviruses were generated in 91 1 cells . Viruses were purified via a 

CsCl gradient and titers determined by plaque assays. Cells were infected with 
adenoviruses at an MOI of —100:1. 
Immunohistochemistry 

Cells were fixed in Histochoice (Amresco), permeabilized with 1% NP40 in phosphate 
25 buffered saline (PBS), and blocked in goat serum for lh. The 3F10 rat monoclonal 

anti-HA antibody (Boehringer Mannheim) was applied in GT (goat serum containing 
0.05% Tween 20). After washing in PBST (PBS with 0.05% Tween 20), a 
biotin-labeled goat anti-rat Ig antibody (Pierce) was diluted in GT and applied for 30 
min. After 3 washes in PBST for 5 min. each, streptavidin-fluorescein (Molecular 
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Probes), diluted in PBST, was used for detection. Cells were counterstained with 
4,6-diamidino-2-phenylindole (DAPI). Slides were mounted in DAPCO/glycerin and 
analyzed with a Nikon Eclipse E800 microscope equipped with a CCD camera 
(Photometries). Images were pseudocolored using the software program IPLab (Signal 
Analytics Cooperation, Vienna, VI). 

Flow cytometry 

Cells were rinsed in Hanks' Balanced Salt Solution (HBSS), trypsinized, collected by 
centrifugation, and resuspended in 40 ul HBSS. Ten volumes of PBS containing 4% 
formaldehyde, 1% NP40 and 4 ug/ml Hoechst H33528 were added and flow cytometry 
performed with a EPICS 752 instrument (Coulter, Hialeah, FL), excluding cell doublets. 

Example 4 

This example demonstrates that a expression can induce an uncoordinated 
growth arrest. 

At 24 hours following Ad-o infection of HCT1 16 cells, the cell cycle profiles 
were very similar to those observed in y-irradiated cells (Fig. 5B, Fig. 5C). However, a 
significant difference became apparent at longer times after infection. While irradiated 
cells remained in a G2-arrested state, with a nuclear DNA content of 4N, many a 
-expressing cells entered into a DNA synthetic phase, resulting in a significant population 
of cells with a DNA content greater than 4N at 48 and 72 hours (Fig. 5B, Fig. 5C). 
Addition of colcemid 30 hr after Ad-o infection did not prevent this polyploidization 
(data not shown). This increased ploidy was further demonstrated to result from true 
DNA reduplication by interphase FISH analysis. Two different chromosomal loci were 
assessed 72 hours following infection with either Ad-o or Ad-p. For each analyzed 
chromosomal locus, nearly half of the a -expressing cells contained more than the four 
hybridization signals per locus expected in G2 (one signal from each chromatid; Fig. 6A, 
right panel). Thirty percent of the cells contained 8 signals, 11% contained 16 signals, 
and 1% contained 32 signals, representing cells with DNA contents of 8N, 16N, and 
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32N, respectively (Fig. 6B). The signals in polyploid cells were nearly always paired, 
representing bivalent chromosomes (1 15 of 125 cells examined). However, each pair 
was separated from other pairs in the same nucleus (Fig. 6A, right). This clearly 
indicated that chromatids had detached from each other prior to a new round of DNA 
5 replication and creation of new bivalents. Very few cells infected with Ad-a exhibited 

more than four hybridization signals/probe, and many exhibited two signals (representing 
cells in Gl; Fig. 6 A, left panel and Fig. 6B). 

These results suggested that exogenous a expression can produce an 
uncoordinated block in which cycles of DNA synthesis can proceed without intervening 

10 mitoses. One potential reason for this uncoordinated arrest, compared to the 

coordinated arrest observed in y-irradiated cells, involves p21. Irradiated cells express 
both o and p21 in a p53-dependent manner, and p21 can prevent DNA synthesis 
through its inhibition of cyclin-dependent kinases. However, if o expression alone is 
generated by infection with Ad-a , no concomitant increase in cdk inhibitor expression 

15 would be expected and the cells, though unable to undergo a normal mitosis, may still be 

able to re-enter S phase. This explanation predicts that in p21 -deficient cells, a similar 
uncoordinated arrest, with chromosome duplication in the absence of mitosis, would 
occur after y -irradiation. Previous experiments were consistent with this prediction and 
confirmed by the experiments shown in Fig. 5D. Forty-eight hours after y -irradiation of 

20 p21 -deficient HCT1 16 cells, a marked increase in cells with 8N chromosome 

complements was observed, resulting in a cell cycle profile similar to that observed in 
cells infected with Ad-a . 

To further explore the nature of the block and subsequent polyploidization 
produced by a -expressing cells, cells were observed with time-lapse microscopy. Of 24 

25 o -expressing cells observed continuously for three days, none underwent a normal cell 

division such as that consistently observed in P-galactosidase-expressing cells (Fig. 7). 
Forty-eight percent of the cells rounded up as if they were beginning mitosis and then 
initiated cytokinesis, yielding two connected daughter cells which never completely 
separated. These incompletely divided cells subsequently re-fused, forming one large 
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cell with a single nucleus (Fig. 7, top row). The remainder of the cells (52%) rounded, 
never divided, and finally died through an apoptotic event (accompanied by cytoplasmic 
blebbing and nuclear degradation). p21 -deficient HCT1 16 cells (but not parental 
HCT1 16 cells) exhibited similar aberrant cytokinetic events following y-irradiation, with 
5 19 of 20 cells examined in detail entering into an abortive cytokinesis morphologically 

identical to that shown in Fig. 7. 
Time-lapse video microscopy 

Tissue culture flasks were sealed under 5% C0 2 and kept at 37-C on a Fryer Temperature 
Controller A-50 equipped Nikon inverted microscope. Video recordings were taken 
10 using a CCD camera (Optronics DEI-470) and a time lapse video recorder (Hitachi 

VT-L2000 AR) recording one frame every 17 seconds. 
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